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We study nuclear stopping in central collisions for heavy-ion induced reactions in the Fermi energy
domain, between 15 and 100 AMeV. Using the large dataset of exclusive measurements provided by
the 4pi array INDRA, we determine the relative degree of stopping as a function of system mass and
bombarding energy. We show that the stopping can be directly related to the transport properties
in the nuclear medium. By looking specifically at free nucleons (here protons), we present for the
first time a comprehensive body of experimental results concerning the mean free path, the nucleon-
nucleon cross-section and in-medium effects in nuclear matter. It is shown that the mean free path
exhibits a maximum at λNN = 9.5 ± 2 fm, around Einc = 35 − 40 AMeV incident energy and
decreases toward an asymptotic value λNN = 4.5± 1 fm at Einc = 100 AMeV. After accounting for
Pauli blocking of elastic nucleon-nucleon collisions, it is shown that the effective in-medium NN cross
section is further reduced compared to the free value in this energy range. Therefore, in-medium
effects cannot be neglected in the Fermi energy range. These results bring new fundamental inputs
for microscopic descriptions of nuclear reactions in the Fermi energy domain.
I. INTRODUCTION
Transport properties in nuclear matter contribute to
the determination of the equation of state via the under-
lying in-medium properties of the nuclear interaction and
are one of the fundamental ingredients for microscopic
models [1]-[8]. They are also critical in the description of
the supernova core collapse and the formation of a neu-
tron star [9]. These properties can be probed with the
help of heavy-ion induced collisions (HIC ) by looking at
dissipation phenomena in terms of energy and isospin
transport and thus related to the stopping. In the Fermi
energy domain, transport features should exhibit the in-
terplay between mean-field (nuclear degrees of freedom)
and individual (nucleonic degrees of freedom) effects, es-
pecially when looking at the energy dissipation reached
in central collisions [10].
From a theoretical point of view, the knowledge of the
dissipation mechanism for nuclear matter in HIC is re-
lated to the properties of the mean-field itself via the
1-body dissipation (nuclear friction and viscosity) and
nucleon-nucleon (NN ) collisions via 2-body dissipation
in the nuclear medium. In the studied energy range,
below 100 AMeV, only NN elastic channels must be
considered. At low incident energy i.e. lower than the
Fermi energy, where mean-field effects prevail, NN col-
lisions are strongly suppressed due to the fermionic na-
ture of nucleons, known as Pauli blocking. At high inci-
dent energy, while the available space for NN collisions
increases, the situation is the opposite since the mean-
field becomes less and less attractive while NN collisions
become important [11–13]. Then, one expects the in-
medium NN cross section to be very small at low in-
cident energy and to become sizeable (asymptotically
approaching the free NN cross section) as the incident
energy becomes significantly higher than the Fermi en-
ergy. In this framework, one may wonder what is the
magnitude of in-medium effects induced by many-body
correlations in nuclear reactions. Numerous theoretical
approaches show that the cross section has to be prop-
erly renormalized in order to account for the effective NN
collision rate in HIC [14] and several effects must be con-
sidered. First, the Pauli blocking effect discussed above
reduces the NN collision rate [11] and can be viewed as a
“trivial” two-body correlation due the quantal nature of
protons and neutrons. Higher-order correlations in NN
collisions due to the high- density conditions encountered
in central collisions [11, 12, 14] can also come into play
as shown in some theoretical works done in the past two
decades [14–17]. They mainly use relativistic mean-field
approaches with realistic (effective) nucleon-nucleon in-
teractions. They conclude that the in-medium NN cross
sections are isopin-dependent, and have to be renormal-
ized (reduced) in the nuclear medium as compared to
free vacuum values. They show that the nucleon mean
free path is large, typically larger than the nucleus size
for Einc/A ≤ 100 MeV, and decreases toward a satura-
tion value λNN = 4 − 5 fm at high incident energy, for
2Einc/A ≥ 100 MeV [17]. Thus, the situation at high en-
ergy, where the mean free path is supposed to be almost
constant, is quite clear. This is not the case in the Fermi
energy domain; indeed, in-medium effects and especially
quenching factors for the NN cross section are largely
unknown in the range Einc/A = 10 − 100 MeV [18] and
have to be constrained experimentally.
From an experimental point of view, nuclear stopping
has been determined by the FOPI collaboration for the
Au+Au system in the incident energy range 90 − 1930
AMeV using several observables [19]. The study con-
cluded that there is a broad plateau of maximal stopping
between 200 and 800 AMeV [19]. For the Fermi energy
domain, the situation is quite different. In our previous
paper [10], we have shown that the stopping measured as
the ratio between transverse and longitudinal energies of
the reaction products can probe the energy dissipation in
central collisions and shed light on the dissipation mech-
anism itself. A transition was observed from a 1-body
to a 2-body dissipation mechanism as a function of the
incident energy. The transition occurs around 35 AMeV
(close to the Fermi energy at saturation density), what-
ever the system size. It corresponds to a minimal value
for the stopping [10]. These results call for an extended
analysis of the experimental data. The purpose of this
paper is then a continuation of this work, where we try to
relate the observed dependence for the stopping in cen-
tral collisions to the nucleon mean free path λNN and the
corresponding cross section σNN in the nuclear medium.
II. EXPERIMENTAL CONSIDERATIONS
A. INDRA dataset
In this analysis, we use the full INDRA dataset for
symmetric or nearly- symmetric systems recorded along
the past two decades at GANIL and GSI facilities. The
experimental data are exclusive and corresponds to a
nearly complete detection of all charged products of the
reaction thanks to the powerful INDRA 4pi array [20].
Details concerning the data collection can be found in
[21–26]. Table I shows some basic characteristics of the
studied systems.
We note that the data cover a broad domain of incident
energy, here from 15 up to 100 AMeV, and concern 42
systems with a total mass between 72 and 476 mass units.
Isospin is here comprised betweenN = Z andN/Z ≈ 1.6.
This constitutes, to our knowledge, the largest body of
experimental data in the Fermi energy domain covered
with the same setup. Two systems in Table I are not fully
symmetric (36Ar+58Ni and 155Gd+238U) but still present
a small mass asymmetry; they have been taken in order
to cover more efficiently the mass/energy domain of the
analysis. In the following, we will display all quantities
as a function of the incident energy in the laboratory
frame. In a more general perspective, one should prefer to
use the available center-of-mass energy, especially when
System Atot (amu) Einc (AMeV) Asym (N/Z)tot
36Ar +KCl 72 32-74 (5) 0 1
36Ar +58 Ni 94 32-95 (7) 0.23 1.04
58Ni+58 Ni 116 32-90 (7) 0 1.07
129Xe+129 Sn 248 15-100 (14) 0.04 1.39
181Ta+197 Au 378 33,40 (2) 0.04 1.49
197Au+197 Au 394 40-100 (4) 0 1.49
155Gd+238 U 393 36 (1) 0.21 1.59
208Pb+197 Au 405 29 (1) 0.03 1.52
238U +238 U 476 24 (1) 0 1.59
TABLE I. Characteristics of the 42 (quasi-)symmetric sys-
tems measured with INDRA and analysed in this study.
The mass asymmetry in the entrance channel is defined as:
Asym = |Aprojectile − Atarget|/(Aprojectile + Atarget). Num-
bers in brackets in the third column indicate the number of
measured bombarding energy.
including asymmetric systems.
B. Event selection
In the following, we want to probe the degree of stop-
ping in central collisions. We have then chosen to study
the very dissipative collisions, that produce the highest
charged particle multiplicities Mch; we use the multiplic-
ity selection as a minimum bias selector. By doing so,
we minimize the inevitable auto-correlations between the
event selection and the observable of interest, here the
isotropy ratio built upon the kinematical properties of
particles. We use a scalar variable -Mch- as event selec-
tor in order to look at a vector observable, namely the
energy isotropy ratio RE . This latter is defined on an
event-by-event basis:
RE =
1
2
ΣNi E
⊥
i
ΣNi E
//
i
(1)
where E⊥i and E
//
i are the transverse and longitudinal
center-of-mass (c.m.) energies for particle i. The sum-
mation is done over the total number N of (detected)
reaction products in the selected event. By construction,
RE is equal to 1 for an isotropic emission, < 1 for an elon-
gated emission along the longitudinal direction given by
the beam direction and > 1 for preferential emission in
the plane transverse to the beam direction. Since we are
looking at INDRA data, the sum is restricted to charged
products only, but we however benefit from the excel-
lent 4pi coverage of the experimental apparatus. Fig.
1 presents the correlation between the charged particle
multiplicityMch and the isotropy ratio RE obtained from
INDRA data for the four Xe+Sn systems at 15, 25, 39
and 65 AMeV. The INDRA trigger was set to Mch > 3,
allowing to record 60 − 80% of the total reaction cross
section [10]. The Mch bins have been normalized to the
3same number of entries in order to reduce the statistical
fluctuations as done in [10]. The black histograms are
the corresponding mean RE values.
FIG. 1. Isotropy ratio RE as a function of total charged mul-
tiplicity Mch for Xe+Sn at 15, 25, 39 and 65 AMeV. The
black histograms show the mean values and the grey (red)
symbols indicate the event selection. All Mch bins have been
normalized to the same number of entries (color online).
This correlation presents a saturation at the highest
multiplicity values, represented by the black histogram
in Fig. 1. We then define a multiplicity cut in order
to retain the events corresponding to Mch > M
cut
ch , vis-
ible as the symbols onto Fig. 1. The multiplicity cut
clearly depends on the system and has been set using
the same strategy for the whole dataset of Table I. The
selection retains typically between 50 and 150 mb, thus
corresponding, assuming that only the most central colli-
sions are selected, to an impact parameter range between
0 and b = 1− 1.5 fm (i.e. 1− 2% of the detected events).
Alternatively, we could have used a fixed value of the to-
tal cross section for all systems (for example the lowest
one: 50 mb), but this would not change substantially the
results concerning the extracted RE values.
C. Particle selection
In order to probe the nucleon properties in nuclear
medium, we have to focus specifically on free nucleons.
They indeed carry genuine information about NN colli-
sions, i.e. out of any coalescence phase nor clusterization
into fragments occuring during the course of the collision
[27].
In fig. 2, we can see the c.m. velocity plots in invariant
cross section for protons (left) and α particles (right), for
the selected central events for the 129Xe+124Sn system at
65 AMeV. Protons clearly exhibit different kinematical
features compared to α particles, with a strong emis-
sion located at mid-rapidity and an extension to high
FIG. 2. c.m. transverse versus parallel velocities for protons
(left) and α particles (right) in invariant cross section, for
the selected central events of the 129Xe+124Sn system at 65
AMeV (color online).
transverse velocities suggesting a non-equilibrium emis-
sion. We will then consider that protons are predomi-
nantly produced before thermalization of the produced
hot nuclei and not from secondary decay as already seen
in a previous study for Xe+Sn central collisions [24].
In the following, we limit our study to protons, for
which we compute the isotropy ratio RE and call it here-
after RpE . To avoid the statistical fluctuations coming
from the event-by-event determination of RpE , we rather
compute the isotropy ratio from the full set of protons
selected by the multiplicity cut, considering thus all pro-
tons detected in these events as though they are coming
from a single event. It is worthwhile to note that this
procedure weakly lowers (5 − 10%) the mean values for
RpE as compared to the event-by-event determination.
III. STOPPING IN NUCLEAR MATTER
A. Stopping ratio for protons
Applying the protocol presented in the previous sec-
tion, we compute the isotropy ratio RpE for the 42 differ-
ent systems listed in Table I. The results are presented
in Fig. 3 as a function of the incident energy.
The error bars in Fig. 3 correspond to the statistical
errors supplemented by an estimate of the systematic er-
rors coming from the experimental determination for RpE .
For these latter, we use the same prescription as in [10];
we consider here a “reasonable” variation for the multi-
plicity cuts M cutch ± 1) in the event selection and take the
corresponding RpE intervals as an estimator of the sys-
tematic errors. They are found to contribute for more
than half of the total error bars, depending on systems.
In the following, the error bars displayed on all computed
quantities will derive from these ones, thus will incorpo-
rate not only statistical but also (some) systematic errors.
We now compare the results for RpE to the ones ob-
tained for RE in [10] for all particles (no proton selec-
tion). Although the values are systematically higher, we
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FIG. 3. Mean isotropy ratio for protons RpE as a function of
energy. The symbols represent the different studied systems.
The lower dashed curve represents the expected value for the
entrance channel (no stopping) and the upper straight line for
the full stopping (color online).
find a similar behavior; a quite steep decrease from low
incident energy to Fermi energy followed by a flattening
or even a modest increase for the isotropy ratio at higher
incident energies. We also get a similar mass scaling for
the different systems; the heavier the system, the higher
the isotropy ratio is. This supports the fact that the
stopping, i.e. the conversion from longitudinal to trans-
verse energy, is related to the number of participants in
the system as in a Glauber description of the collision
[28]. The difference with [10] comes from the location in
incident energy of the transition between the 2 regimes;
it is rather 30−35 AMeV in [10] while it is slightly above
in the present study, between 35 and 40 AMeV. We can
also notice that the mean isotropy ratio is always below 1
and thus on average the proton momentum distribution
never achieves the isotropy which we associate with full
stopping for the selected events. This was also the case
in [10].
To get more quantitative values for the stopping, the
isotropy ratio is compared to two extreme values. They
are computed by assuming two Fermi spheres in p-space
separated by the relative momentum corresponding to
Einc, which is the incident energy and α a parameter
equal to 1 for complete transparency (no dissipation,
lower dashed curve in blue) and 0 for full stopping (up-
per straight line in red). A straightforward calculation
for the isotropy ratio RE(α) can be obtained analytically:
RE(α) =
1
1 + 5αx/4
(2)
where x = Einc/EFermi and EFermi = 38 MeV is the
Fermi energy at saturation density. An estimate for the
stopping reached in our dataset of central events is then
given by the normalized quantity S, called hereafter stop-
ping ratio, such as:
S =
RpE −RE(α = 1)
RE(α = 0)−RE(α = 1)
(3)
This quantity is always positive since RpE > RE(α = 1)
and RE(α = 0) > RE(α = 1).
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FIG. 4. Stopping ratio S (see text) as a function of incident
energy. Symbols are the same as for Fig. 3.
Fig. 4 displays the stopping ratio S (in percentage)
and emphasizes the location of the minimal stopping
value around 40 AMeV altogether with the 2 different
regimes for dissipation. As expected from Fig. 3, we find
stopping ratio values ranging between 0 and 1. The mini-
mum stopping, Smin = 20−35%, depends on the system.
It is larger for the heavier systems (Smin ≈ 35%), here
Ta/Au+Au and U+U. Let us recall that RpE is larger
than RE . We attribute this effect to the fact that free
nucleons, supposedly NN collisions, have to be emitted
outside the two nuclei in p-space. We are going to de-
velop this point in the next section.
B. Stopping ratio and NN collisions
In this section, we want to link the stopping ratio S to
a quantity related to the amount of NN collisions, taking
into account the proper available phase space in momen-
tum. To do so, we use a simple Monte-Carlo simulation,
taking again the two Fermi spheres described in the pre-
vious section, and we implement elastic NN collisions in
5a semi-classical way; to perform such collisions, we pick
randomly one nucleon from the projectile and one from
the target and rotate the corresponding momenta around
their own c.m. frame. In this procedure, we do not con-
sider multiple scatterings nor the Pauli blocking in the
final state between scattered nucleons. We accept the
collision if this motion brings the two nucleons outside
the two Fermi spheres, according to a probability corre-
sponding to the level ofNN collisions which are supposed
to be really produced, in order to mimick the fact that
in-medium effects can affect the number of allowed NN
collisions. For each incident energy, we perform a run of
100, 000 collisions in order to scan extensively the corre-
sponding available phase space, and we vary the prob-
ability between 0 (no allowed collision) and 1 (fully al-
lowed collisions given the available phase space) for each
run. We then register the ratio C between accepted and
attempted collisions for each value of the probability at
a given incident energy. The obtained correlations be-
tween C and the stopping ratio S is displayed in Fig. 5
for incident energies between 30 and 110 AMeV, each
point corresponding to one probability value for a given
incident energy.
FIG. 5. Correlation between the probability C of accepted
collisions and the stopping ratio S for two Fermi spheres sep-
arated by a relative energy of 30, 60, 90, 110 AMeV (symbols).
The curves correspond to the fits Sβ, with the β values dis-
played in the inserted table and their corresponding reduced
χ2 values.
This procedure accounts for the Pauli exclusion prin-
ciple in p-space and allows to compute the isotropy ratio
RE , (Eq. 1) and the stopping ratio S (Eq. 3). By vary-
ing the incident energy between 30 and 110 AMeV, we
find that S is related to the ratio of accepted NN colli-
sions C by the following empirical formula as illustrated
by the curves in Fig. 5:
C ≈ Sβ(Einc) (4)
with β = 1.32 at Einc = 30A MeV, and β = 0.74 at
Einc = 110A MeV. The quality of this approximation
is illustrated by the agreement between the fits (curves)
and the symbols in Fig. 5. This is also quantified by
the reduced χ2 values in the inserted table. The en-
ergy dependence for β is then simply parametrized as
a smooth quadratic dependence upon the incident en-
ergy in AMeV: β(Einc) = 1.643 − 1.155.10
−2Einc +
2.974.10−5E2inc. This parametrization nicely describes
the correlation between C and S for the considered en-
ergy range with a good level of accuracy; it can be seen
as the functional form between the stopping ratio S and
the percentage of NN collisions C for the corresponding
available phase space. In the following, we will use this
quantity C calculated from Eq. 4 to extract information
on NN collisions.
C. Mass scaling and characteristic length
To understand the mass hierarchy observed in Figs.
3-4, we scale the latter quantity C by Aγtot, Atot being
the total mass number of the system, and γ varying be-
tween 1/4− 2/3 . The results are shown in Fig. 6. For
γ ≈ 13 , all experimental points collapse on a single curve
for the whole range of incident energy and for all sys-
tems; the agreement is somehow particularly impressive
for incident energies above the Fermi energy.
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FIG. 6. Scaled quantity C/Aγtot (see text), here multi-
plied by 100, as a function of incident energy for γ =
0.25, 0.333, 0.5, 0.667. Symbols are the same as for Fig. 3
(color online).
This result suggests to define a characteristic quantity
A
1/3
tot , homogeneous to a length, connected to the radial
6extent of the system formed in central collisions. This
length appears to be a key quantity for describing the
amount of stopping and hence the percentage of NN col-
lisions. In a Glauber picture, this can be seen as the char-
acteristic length associated to NN collisions in nuclear
matter. From this, we can infer that the corresponding
reduced value C/A
1/3
tot is related to the associated mean
free path for NN collisions.
IV. IN-MEDIUM EFFECTS
A. Nucleon mean free path
In this section, we estimate the mean free path for a
nucleon from the stopping ratio S and the related quan-
tity C. We postulate from the previous findings that the
mean free path λNN can be simply expressed as the in-
verse of C:
λNN ≈ L/C (5)
where L is a characteristic length proportional to A
1/3
tot ,
taken equal to the average nuclear radius L = r0A
1/3
with r0 = 1.2 fm and A = Atot/2 ≈ Aprojectile ≈ Atarget.
L can be interpreted as a quantity related to the average
distance travelled by a nucleon. Also, we assume implic-
itly that the quantity C = Sβ corresponds to the percent-
age of NN collisions when the two incoming nuclei fully
overlap in r-space as one can expect for central collisions.
At this stage, we do not expect any significant change for
λNN if we consider a higher density (ρ/ρ0 ≈ 1.2), hence
a slightly smaller L value, for the colliding system.
Applying Eq. 5, we plot the results in Fig. 7. We see
that λNN is maximum around Einc = 35 − 40 AMeV,
thus corresponding to a minimum value for the stopping
as observed in Figs. 3-4, and reaches λNN = 9.5 ± 2 fm.
This depicts the fact that the Pauli principle suppresses
to a large extent NN collisions at low incident energy
and consequently increases the mean free path around
the Fermi energy [11]. The decrease observed at lower
incident energy is here attributed to mean-field effects,
for which the dissipation mechanism is mainly provided
by 1-body rather than 2-body dissipation. In this energy
domain, the stopping ratio S (and consequently C) should
be certainly computed in a more appropriate way since
the sudden approximation taken here as a reference for
α = 1 (no mean-field dissipation, see eq. 2) should be less
valid. This will be extensively studied in a forthcoming
paper.
If we now focus on the high energy domain, i.e. above
the Fermi energy, we note a continuous decrease of λNN ,
whatever the system size, toward an asymptotic value
corresponding to λNN = 4.5 ± 1 fm above 100 AMeV.
These values are compatible with both experimental data
[29, 30] and recent theoretical studies [17] around and
above 100 AMeV. This agreement also suggests that the
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FIG. 7. Mean free path for a nucleon in nuclear matter as a
function of incident energy. Symbols are the same as for Fig.
3.
characteristic length L is indeed closely related to the
nuclear radius of the colliding system and justifies a pos-
teriori our assumption.
B. Nucleon-nucleon cross section
From our estimated mean free paths, we can now de-
termine the in-medium nucleon-nucleon cross section by
taking the standard formula from kinetic theory: σNN ≈
1/(ρλNN). We choose here the density ρ = 1.2ρ0 with
ρ0 = 0.17 fm
−3 since we are looking at central collisions
where the two nuclei are supposed to strongly overlap in
r−space. The density value taken here is considered as
a standard value concerning the incident energy range
30 − 100 AMeV [31]. We could have taken a more so-
phisticated energy-density dependence, but it would not
affect the results as explained later on. We then obtain
the values of σNN displayed in Fig. 8, with an asymptotic
value at high energy close to 12 mb. In the following, we
will compare these extracted in-medium cross-sections to
the free values in vacuum.
C. In-medium effects
To disentangle the different in-medium effects, we start
by evaluating the Pauli blocking. Several methods can be
employed [32, 33]. We use in this study the simple pre-
scription of Kikuchi and Kawai [34] where the probability
P to perform a NN collision is given by :
P (ζ) = 1− 7ζ/5 for ζ ≤ 0.5
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FIG. 8. In-medium nucleon-nucleon cross section as a func-
tion of incident energy for ρ = 1.2ρ0 (see text). Symbols are
the same as for Fig. 3.
P (ζ) = 1− 7ζ/5 + 2ζ(2 − 1/ζ)5/2/5 for ζ > 0.5
with ζ = EFermi/(Einc+EFermi). Einc is the incident
energy between the two incoming nuclei, and EFermi =
38(ρ/ρ0)
2/3 is the Fermi energy for a nucleus at density
ρ. By dividing σNN as reported in Fig. 8 by P (ζ), we
thus obtain nucleon-nucleon cross sections, out of Pauli
effects, which have to be compared to the standard free
values [35] as shown by Fig. 9.
The curves correspond to the values for neutron-
neutron (nn)/proton-proton (pp), neutron-proton (np)
and a combination of both [28] to get σNN for a given
nucleus with N/Z = 1, 1.38 (N/Z values corresponding
to some of the systems studied here, see Table I). We
observe that the experimental in-medium NN cross sec-
tions are systematically lower than the free cross sections,
tending however to recover the free values at high inci-
dent energy, well above 100 AMeV. This shows that addi-
tional in-medium effects, outside Pauli effects, are indeed
present and have to be taken into account for renormal-
izing the free nucleon-nucleon cross sections in nuclear
matter. Note however that we may have underestimated
the Pauli blocking as it was determined only in p-space
instead of the full phase space [32].
To get more quantitative results, we compute the in-
medium factor F = σin−mediumNN /σ
free
NN from Fig. 9. It
is displayed in Fig. 10 where we restrict our discussion
to the incident energy range 30− 100 AMeV. As already
discussed, the data could give nonphysical results at in-
cident energy lower than the Fermi energy (shaded area
in Fig. 10) and should not be taken into account in this
comparison. For this specific energy range, we should
apply a special treatment to the stopping ratio S, with
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FIG. 9. In-medium nucleon-nucleon cross section corrected
from Pauli effects (see text) as a function of incident energy.
The different curves correspond to the free values for nn/pp,
np and NN cross section for two isospin ratios: N/Z = 1, 1.38.
Symbols are the same as for Fig. 3.
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FIG. 10. In-medium factor F = σin−mediumNN /σ
free
NN for the
nucleon-nucleon cross section in nuclear matter. The different
curves correspond to some parametrizations used in transport
models. Symbols are the same as for Fig. 3.
mean-field effects properly evaluated, in order to be com-
pared with theoretical prescriptions. These aspects will
be studied in a forthcoming paper as already mentioned.
The reduction factor F strongly evolves with inci-
dent energy, between 0.2 and 0.5 for the incident energy
range 35 − 100 AMeV. We also plot in Fig. 10 some
8parametrizations taken from recent works and currently
used in transport models [14, 36–39]. They give rather
different results in the Fermi energy domain, showing
that σin−mediumNN is poorly constrained at present time.
All theoretical prescriptions are density-dependent and
can give different results when changing density, taken
here at a fixed value ρ = 1.2ρ0. Nevertheless, scanning
the expected density values ρ = 1− 1.5ρ0 in this incident
energy domain, we have observed for F only small differ-
ences of ±10%, encompassed by the experimental error
bars.
From this comparison, we see that the parametriza-
tion of the MSU group [39, 40] is in excellent agree-
ment -within the error bars- with our experimental find-
ings. The other prescriptions are unable to reproduce
the overall trend in the considered energy range, neither
in shape nor in magnitude, except Schnell et al. [37]
and Li et Machleidt [14] at the highest incident energies
(Einc ≥ 90 − 100 AMeV). We can conclude from this
part that the medium (density) effects lead to a strong
reduction of the NN cross section (by a factor comprised
between 2 and 5), and that their energy dependence have
to be properly accounted in the range Einc/A = 35−100
MeV.
V. CONCLUSIONS
We evaluated nuclear stopping from measured isotropy
ratio for protons in central collisions for a large body of
symmetric systems studied with INDRA array. We de-
rived quantitative information on the in-medium trans-
port properties in the Fermi energy domain. Firstly,
we have found that the stopping is not complete above
Einc = 30 AMeV whatever the system size. Secondly,
we have shown that we can get consistent results by scal-
ing the appropriate stopping ratio by the characteristic
size of the system. We have then established a relation
between the stopping ratio and the nucleon mean free
path in nuclear matter. We found λNN = 9.5 ± 2
fm at Einc = 40 AMeV and λNN = 4.5 ± 1 fm for
Einc = 100 AMeV, in agreement with theoretical pre-
dictions. We also estimated the in-medium effects for
the nucleon-nucleon cross section by disentangling Pauli
blocking effects from higher-order correlations due to
density (many-body correlations) in nuclear matter. The
best parametrization is the one provided by Danielewicz
[39], which allows to reproduce the experimental values
extracted from this analysis. It is interesting to note
that this parametrization has been established in a phe-
nomenological way [39]. We conclude that in-medium
effects are quite important since they give a significant re-
duction of the nucleon-nucleon cross section, namely 80%
at Einc = 35 AMeV and 50% at Einc = 100 AMeV. This
strong energy dependence for the in-medium nucleon-
nucleon cross section has to be properly taken into ac-
count in any transport model based on Boltzmann equa-
tion, where a 2-body collision term is considered. As
a perspective, the availability of radioactive beam facil-
ities in the Fermi energy domain could allow to probe
more deeply the isopin dependence of the mean free
paths, nucleon-nucleon cross-sections but also effective
masses. In any case, this could provide valuable infor-
mation about the isovector properties of the nuclear in-
teraction in dense nuclear matter.
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